ABSTRACT We examined the effects of white-tailed deer (Odocoileus virginianus Zimmerman) browsing on the abundance of the black-legged tick (Ixodes scapularis Say) in forested habitats. We estimated abundance of all active stages and recorded habitat variables at two heavily browsed and two control forest areas over 3 yr. Numbers of questing ticks varied signiÞcantly between years and between study areas in different years, but neither habitat structure nor tick abundance differed signiÞcantly between heavily browsed and control forests. Principal components analysis of habitat variables accounted for 73.4% of the variance in the data set, and tick abundance was directly related to shrub cover and leaf litter depth. However, regression analysis showed no relationship between tick numbers and browse damage. Whereas deer pellet count density was positively correlated with levels of deer browse damage, neither was related to numbers of host-seeking adult ticks. Foraging deer did not disturb the leaf litter and, even at park areas with nearly one-half of shrub stems browsed back, did not seem to alter forest vegetation in a way to affect tick habitats in the understory and shrub layers. In suburban landscapes, deer activity in, and consequently the relative likelihood of introducing ticks into, "edge" and "interior" habitats is likely to be very similar and may account for the lack of a detectable relationship between numbers of questing ticks and distance to ecotonal edges observed here.
, although densities as high as 129 deer/km 2 have been estimated in Monmouth County parks, which act as deer refuges in a developing landscape (MCPC 2004) .
Deer browsing is considered an important factor in determining growth, regeneration, and species diversity in eastern deciduous forests communities (Russell et al. 2001) . Excessive browse damage resulting from overpopulated deer can reduce vegetative cover in forest understories, altering microclimate at the forest ßoor as soil moisture and humidity decline, whereas temperature and light increase (Rooney and Waller 2003) . Also, the loss of understory and shrub layer regeneration results in a simpliÞed gallery-type forest (Tilghman 1989; DeCalesta 1992 DeCalesta , 1994 . Such disturbance should adversely affect tick populations, which are dependent on conditions of high humidity and low temperatures in forest shrub and litter layers (Schulze and Jordan 2003) .
We attempted to determine whether deer might be affecting the distribution of I. scapularis through modiÞcation of forest environments. We compared tick abundance in heavily browsed and control forest plots and measured an array of habitat parameters associated with questing ticks to determine whether any observed differences in abundance were attributable to changes in habitat structure in browsed stands (Schulze et al. 2002) .
Materials and Methods
Study Area. Four study areas were located at three public parks (Clayton Park in western Monmouth County and Deep Cut Gardens and Tatum Park in northeastern Monmouth County) within the BeechOak woodland complex of New JerseyÕs Inner Coastal Plain physiographic province (Collins and Anderson 1994) . American beech (Fagus grandifolia Ehrh.) was abundant in all size classes and shared dominance in the 10-to 15-m canopy variously with oak (Quercus velutina Lam. and Q. rubra L.), yellow-poplar (Liriodendron tulipifera L.), and black birch (Betula lenta L.). Subdominant canopy species include shagbark hickory (Carya ovata Mill.), pignut hickory (C. glabra Mill.), and red maple (Acer rubrum L.). Shrub layers were dense to very open associations of viburnum (Viburnum acerifolium L. and V. dentatum L.) and heaths (Vaccinium corymbosum L. and V. angustifolium Ait.), with spicebush (Lindera benzoin L. Blume) on wetter sites.
We selected study areas after discussions with Monmouth County Parks Commission personnel described them as having "relatively high" or "relatively low" damage to forest vegetation from overbrowsing by white-tailed deer. Two "high-browse" sites (West Clayton Park and Deep Cut Gardens) and two "lowbrowse" sites (East Clayton Park and Tatum Park) were selected after visits with parks personnel revealed visual evidence of deer browsing (including damage to woody stems, paucity of canopy regeneration, and low abundance of browse-sensitive herbaceous species) (MCPC 2004) .
Habitat Measurements. We established 10 100-m 2 plots in each of the four study areas. Plots were placed in forest stands that were large enough to accommodate all plots, such that each plot was separated from the nearest other plot by at least 30 m. We measured distance between each sampling plot and the nearest habitat edges (including roadways, Þeld edges, and large canopy gaps) and distance to nearest habitat edge in each of four cardinal directions (as a measure of habitat fragmentation). Canopy cover over each plot was estimated directly using a spherical densiometer (Forestry Suppliers, Jackson, MS) (Lemmon 1956) . We recorded the species of all trees (woody vegetation Ն10 cm diameter at breast height [dbh]) in each plot and measured the dbh of each tree using a metal diameter tape. From these measurements, we calculated canopy density (stems/ha) and basal area (m 2 /ha). Two 25-m 2 quadrants were established within each of the 100-m 2 plots. Within each quadrant, we counted and measured the height of all shrubs and small saplings (stems Ն 1.4 cm dbh at 1.4 m above the ground). In addition, we recorded total number of stems and quadrant coverage of shrubs. Because most shrub species occurred as single stems and clonal connections could not be determined, each stem was considered a separate individual for the purposes of this study.
Herbaceous and seedling cover (Ͻ1.0 m in height) was estimated in each of four 1-m 2 subquadrants established at the corners of each 100-m 2 plot. Herbaceous cover was recorded as percent by ocular estimate (Daubenmire 1959) . In each 1-m 2 subquadrant, we counted the total number of stems and number of browsed terminal stems on the two nearest shrubs to the subquadrant center point to index degree of browse damage. We counted only green browsed stems to avoid recording damage done in previous seasons. Finally, we measured depth of leaf litter by driving a 1-m length of narrow-gauge wire into the litter layer until the soil surface was encountered. Depth of litter was read from a metric scale. Litter depth was recorded at Þve randomly chosen locations within each 25-m 2 quadrant. Tick Collections. Estimates of I. scapularis abundance were obtained by simultaneous drag sampling and walking surveys of each 100-m 2 plot (Ginsberg and Ewing 1989, Schulze et al. 1997) . I. scapularis acquires host primarily through ambush. Adults are most frequently collected while questing in the shrub layer, whereas nymphs and larvae quest at ground level within the litter. Dragging is better suited to sample ticks on horizontal surfaces, such as the upper surface of vegetation or litter, whereas walking surveys facilitate collection of ticks questing within the shrub vegetation. When used together, biases inherent in either sampling technique are offset (Schulze et al. 1997) . Tick drags used in this study were constructed of a 1-m 2 piece of light-colored corduroy fastened to a wooden dowel (1-cm diameter) along the leading edge. The apparatus was dragged over the leaf litter and low shrubs along side the investigator by means of a 2-m rope handle attached to the ends of the wooden dowel. Plots were sampled weekly three times during the peak activity period of each active stage of I. scapularis (Schulze et al. 1986 ) in all years (2001Ð2003). We established plots in areas with patchy shrub layers (generally discontinuous low shrubs Ͻ1.0 m height), which permitted more-or-less continuous contact between the drag and litter layer to facilitate collection of subadults, yet permitted collection of adults questing in the shrub layer (Schulze et al. 1997 ). All sampling was performed between 0800 and 1200 hours by working drags across the entire 100-m 2 of each plot. Ticks found on the drags and investigatorsÕ clothing were removed at 10-m intervals, identiÞed, and returned to the plot. No sampling was performed when vegetation was wet or when winds exceeded 10 km/h. Tick abundance was reported as number/100-m 2 plot. Statistical Analysis. Tick abundance data were square-root transformed (͌count ϩ 0.5) because of small sample sizes, and multiple zero values and BartlettÕs test were used to explore homogeneity of variances of all data before analysis (Sokal and Rohlf 1995) . We used replicated two-way analysis of variance (ANOVA) to determine the effects of year and study area on numbers of questing ticks. We used principal components analysis (PCA) to reduce dimensionality of the habitat variable data set to a smaller set of new uncorrelated factors (Johnson 1998) . Those factors with eigenvalues Ͼ1.0 (Johnson 1998) were included in multiple regressions to determine sources of variability in tick abundance. Separate regressions were calculated for each tick stage. A tolerance value of 0.1 (as an indicator of multicollinearity) was set a priori for acceptance of independent variables into regression models. All statistical tests were performed using Statistica analysis packages (StatSoft 1995).
Results
Habitat Variables. Nearly one-half of shrub stems at West Clayton Park and Deep Cut Gardens (45.7 Ϯ 5.8
[SE] percent of shrub stems) had been browsed by deer, whereas less than one-third of all stems at East Clayton Park and Tatum Park (29.8 Ϯ 5.6%) were damaged. Browse damage was signiÞcantly greater at previously identiÞed "high-browse" areas than at "lowbrowse" areas (two-tailed t-test, t ϭ 2.57, df ϭ 18, P ϭ 0.01).
Tatum Park plots had greater canopy density and basal areas than the other areas (Table 1) . Shrub density at West Clayton Park was signiÞcantly lower than all other areas, whereas shrub cover at Tatum Park was much greater than that at other areas and shrub cover at the northern areas (Tatum and Deep Cut Gardens) tended to be greater than that at Clayton Park. Conversely, litter depth was greater at Clayton Park sites than at the northern areas.
Habitat variables did not vary consistently between the high-browse and low-browse damage sites. However, mean distance to a habitat edge (EDGE) at high-browse areas (57.4 Ϯ 6.8 m) was signiÞcantly less than at low-browse areas (122.0 Ϯ 14.7 m; t ϭ 3.98, df ϭ 18, P Ͻ 0.01).
PCA on habitat variables yielded two principal components with eigenvalues Ն1.0, which together explained 73.4% of the variability in the data set ( Table  2 ). The Þrst principal component (PC1) had high positive loadings for shrub variables (increasing shrub cover and density) and for canopy density. The second principal component (PC2) had high negative loading for EDGE and percent of browsed stems (increasing as distance to edge decreased and browse damage increased).
Tick Collections. Numbers of questing nymphs varied signiÞcantly between years and study areas (Table  3) . Numbers of nymphs were lower in 2003 relative to other years (F ϭ 39.20, df ϭ 2, P Ͻ 0.01), whereas West Clayton Park yielded greater numbers of nymphs than all other areas (F ϭ 65.41, df ϭ 3, P Ͻ 0.01). Nymphal abundance did not differ among the other areas in all years of the study. Adult abundance did not differ among years (F ϭ 1.74, df ϭ 2, P Ͻ 0.18), but the Clayton Park sites yielded greater numbers than the northern areas in all years (F ϭ 13.06, df ϭ 3, P Ͻ 0.01). Larval abundance also did not differ among years (F ϭ 1.95, df ϭ 2, P ϭ 0.14), while Clayton Park yielded larger numbers than the northern areas in all years (F ϭ 14.07, df ϭ 3, P Ͻ 0.01). In addition, West Clayton yielded larger numbers of larvae than East Clayton in the Þrst 2 yr.
Regression analysis showed that tick abundance was signiÞcantly related to the Þrst habitat principal component (increasing numbers of ticks with increasing shrub cover and canopy density; Table 4 ). Nonsignificant regressions of PC2 on tick abundance suggested no effect of either increased browsed damage or EDGE on numbers of questing ticks.
Discussion
Clayton Park yielded larger numbers of ticks than the northern areas in all years. Adult and larval abundance did not differ among years, but nymphal tick abundance varied signiÞcantly between years and between study areas in different years. Schulze and Jordan (1996a) showed similar ßuctuation in tick numbers between years and habitats, indicating the effect of extrinsic factors in determining apparent tick abundance in favorable habitats. In this study, habitat variables varied between the four Monmouth County park areas, but did not vary consistently between high-and Means Ϯ SE of n ϭ 10 plots/site followed by the same letter are not signiÞcantly different (TukeyÕs HSD). (Collins and Anderson 1994 ), but were not related to levels of deer browsing. There was also no signiÞcant difference in tick numbers between the high-and low-browse areas. We had expected that forest disturbance caused by browsing would result in changes in the understory environment (Chen et al. 1999 ) that would affect tick distribution. Free-living exophilic ticks seek refuge in the lower part of the vegetation, the leaf litter, and duff layer where humidity tends to remain favorable (Sonenshine 1993) . We have shown that abundance of questing ticks may be mediated by local microclimate conditions inßuenced, in turn, by vegetation structure and expressed in moisture conditions in both the leaf litter and shrub layers (Schulze et al. 2000, Schulze and Jordan 2003) . However, shrub cover and density and leaf litter depths, which were controlling of tick abundance in other studies, were within ranges reported previously as supporting well-established tick populations Jordan 1996b, Schulze et al. 1996) and habitat variables did not relate to either browse damage or EDGE. Foraging deer did not disturb the leaf litter and, as long as the forest canopy remains intact, deer browsing, even at park areas with nearly one-half of shrub stems browsed back, did not seem to alter forest vegetation in a way to affect tick habitats in the understory and shrub layers.
We expected distance of our sampling plots to an ecotone or habitat edge (EDGE) to explain more of the variability in tick numbers than we observed. Deer thrive on the edge of forests, particularly those that have been fragmented in developing areas, where they Þnd food and cover (Marchinton and Hirth 1984, Newsom 1984) . All active stages of I. scapularis quest in ecotonal edges between habitat types (Maupin et al. 1991; Schulze and Jordan 1996a; Schulze et al. 2001 Schulze et al. , 2002 . However, while EDGE was related to browse damage, we detected no relationship between tick abundance and EDGE. In particular, tick abundance did not differ between Tatum Park (low browse) and Deep Cut Gardens (high browse) plots, despite the fact that Tatum plots tended to be found deeper in the forest than Deep Cut Gardens plots. In suburban landscapes, where deer can readily supplement their foraging needs from gardens and ornamental plantings, parklands often serve as daytime refugia and as corridors for safe movement between foraging areas (DeNicola et al. 2000) . Deer activity in, and consequently the relative likelihood of introducing ticks into, "edge" and "interior" habitats is likely to be very similar in such situations and may account for the lack of a detectable relationship between numbers of questing ticks and distance to ecotonal edges observed here.
We were unable to detect an effect of deer browse damage to shrub vegetation on questing ticks in the forested habitats studied here. Levels of browsing, while apparently signiÞcant and resulting in documented changes in the forest community, including declines in plant diversity and reproduction (MCPC 2004) , do not seem to have affected tick habitats in the understory and litter layers. However, in more severe cases of overbrowsing, where shrub and litter layers have been substantially compromised (NJAS 2002) , browse damage may create habitats that are unsuitable for small mammal tick hosts (Adler et al. 1992 , Schweiger et al. 2000 , Greenberg 2002 ), or damage the forest to the extent that it cannot support developing subadult ticks (Schmidtmann et al. 1998) . Unfortunately, as deer populations continue to increase and as remaining forest continues to be lost or fragmented, opportunities to study such potential impacts are likely to become more numerous. 
